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We propose the following model for CTX 
phage secretion. CTX<|)'s homolog of fl pi, 
Zot, a presumed inner membrane protein (27), 
interacts with a multimer of the outer mem- 
brane protein EpsD and thereby induces open- 
ing of this outer membrane channel, through 
which the phage is released. Additional inter- 
actions between Zot, EpsD, and phage coat 
proteins are also likely; interactions between 
CTX phage-encoded proteins and proteins of 
the eps ai^aratus other than EpsD are probably 
not required. It is not known whether a single 
EpsD multimer can interact simultaneously 
with components of both secretory pathways or 
whether tfie phage and protein secretory pro- 
cesses compete for access to the outer mem- 
brane channel. 

Phage exploitation of a host secretin has not 
been demonstrated previously; however, analy- 
ses of the genomes of additional filamentous 
phages suggest that reliance upon a chromo- 
some-encoded secretin may be a common strat- 
egy for phage secretioa Within the GenBank 
database, there are at least five filamentous 
phages other than CTXc|^fsl, Vfl2, Vf33, 
Cf Ic, and Pf 1 — that do not appear to encode a 
pIV homolog and thus may rely upon a chro- 
mosomal protein instead Ail these phages in- 
fect bacterial species that contain type II secre* 
tion systems. In contrast, the filamentous co- 
liphages that encode a phage-specific secretin 
infect a host that generally does not produce a 
secretory apparatus (22). Thus, coliphages may 
have been constrained during their evolution to 
rely upon a phage-encoded secretin. Alterna- 
tively, phage-encoded secretins may grant ac- 
cess to a broader range of host species or 
confer some other evolutionary advantage. 

It is somewhat surprising thai EpsD can 
mediate both CTX<|> and CT secretion. Most 
secretins are unable to function within heterol- 
ogous systems, even systems composed of very 
similar proteins with highly related substrates 
(P, 23). Furthermore, the two secretory process- 
es to which EpsD contributes are maricedly dif- 
ferent. Phage export releases a cytoplasmic 
DNA molecule coated with inner membrane- 
derived coat proteins, whereas type II secretion 
systems export only fiee, periplasmic proteins. 
Nonetheless, in V. cholerae, these two disparate 
classes of secretion substrates both ^pear to 
pass through an outer membrane pore composed 
of EpsD. The convergence of phage and protein 
secretion pathways may be a clue that structur- 
ally similar periplasmic complexes are assem- 
bled during each process. Indirect evidence in 
support of this hypothesis has already been pro- 
vided by the findings that both pathways bear 
similarities, at either the sequence or structural 
level, to type IV pilus assembly (2). Our finding 
that a filamentous phage and a type II secretion 
apparatus use the same secretin provides addi- 
tional evidence that the two export systems have 
a common evolutionaiy origin and suggests that 
they may still maintain mechanistic similarities. 
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Functional Role of Caspase-1 
and Caspase-3 in an ALS 
Transgenic Mouse Model 
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Mutations in the copper/zinc superoxide dismutase (SOD1) gene produce an animal 
model of familial amyotrophic lateral sclerosis (ALS), a fatal neurodegenerative 
disorder. To test a new therapeutic strategy for ALS, we examined the effect of 
caspase inhibition in transgenic mice expressing mutant human SOD1 with a 
substitution of glycine to alanine In position 93 (mSODI^®^'^), Intracerebroven- 
tricular administration of zVAD-fmIc, a broad caspase inhibitor, delays disease onset 
and mortality. Moreover, zVAD-fmic inhibits caspase-1 activity as well as caspase-1 
and caspase-3 mRNA up-regulation, providing evidence for a non-<eU-autonomous 
pathway regulating caspase expression. Caspases play an instrumental role in 
neurodegeneration in transgenic mSOD1°^^ mice, whidi suggests that caspase 
inhibition may have a protective role in ALS. 



ALS is a neurodegenerative disorder involv- 
ing motor neuron loss in the brain, brainstem, 
and spinal cord and resulting in progressive 
paralysis. ALS is universally fatal, with an 
average mortality of 5 years after onset (J). 
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Familial ALS accounts for 10 to 20% of all 
cases; the remaining cases are sporadic. Both 
forms of the disease have indistinguishable 
clinical and histopathological features (2). 
Mutations of the SODl (mSODl) gene have 
been identified in some cases of familial ALS 
(5, 4). Transgenic mice have been generated 
expressing different mSODl genes identified 
in ALS patients (5, 6). Like humans with 
ALS, these mice develop an adult-onset pro- 
gressive motor deterioration universally lead- 
ing to early death and have been used as 
models for the disease (5» 7). Although the 
mechanisms leading to motor neuron degen- 
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eration in ALS are not thoroughly understood, 
evidence points to apoptotic pathways playing a 
role in human and mouse models of the disease 
(8-10). The caspase family plays an important 
role in the pathogenesis of central nervous sys- 
tem (CNS) disorders featuring apoptosis (7/- 
17). Recent reports provide evidence for 
caspase-3 activation in human ALS {18), In 
addition, mSODl expression induces caspase- 
dependent neuronal apoptosis in vitro {19). The 
importance of apoptotic pathways in the patho- 
genesis of ALS is supported by Ihe neuropro- 
tective effects of both the Bcl-2 transgene and 
the dominant-negative caspase- 1 inhibitor 
transgene in transgenic mSODl^^^^ mice (P, 
10). Evidence exists of caspase- 1 and caspase-3 
activation in ALS mice {20). Here we provide 
direct evidence for a ftinctional role of 
caspase- 1 and caspase-3 in presymptomatic and 
end-stage mSODl^^^^ mice and demonstrate a 
therapeutic benefit of pharmacologic caspase 
inhibition {21). In addition, we demonstrate that 
caspase- 1 is activated in the human ALS spinal 
cord. 

Because caspase- 1 activity has been detect- 
ed in spinal cords of mSODl^^^^ mice and 
caspase-3 activity has been detected in the same 
mice and in humans with ALS» we evaluated 
the expression of activated caspase-1 and 
caspase-3 in spina! motor neurons of 
mSODl«»^^ mice (5, 20, 22). We performed 
double staining with a neuron-specific antibocfy 
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(NeuN) and either an antibody to activated 
caspase- 1 or to activated caspase-3 (2J). Begin- 
ning at 70 days of age and tiiereafter at 90 and 
110 days, caspase- 1 and caspase-3 staining 
were shown primarily in NeuN-positive cells in 
the ventral hom of the spinal cord of transgenic 
mSODl^'^A (pjg, ^ thiou^ P). 
Caspase-positive NeuN-positive cells tended to 
be smaller than caspase-negative NeuN-posi- 
tive cells, suggesting a more advanced apopto- 
tic phenolype. Caspase- 1 or caspase-3 staining 
was not detected in spinal cord sections of 
wild-type littermates or in the brain, spinal coid 
white matter, or dorsal hom of transgenic 
rnSODl^^^^ mice. We evaluated by Western 
blot the caspase- 1 and caspase-3 antibodies 
used for immunostaining to confirm their spec- 
ificity in spinal cord tissue for the activated 
caspase subunits (Fig. 1, Q and S). We com- 
pared spinal cord lysates of presymptomatic (50 
days) and symptomatic (90 days) mSODl°*^^ 
mice using other caspase- 1 and caspase-3 anti- 
bodies that recognize both the procaspase and 
the cleaved activated subunit (Fig. 1, R and T). 
Activated caspase- 1 and caspase-3 were detect- 
ed in symptomatic mice and not in presymp- 
tomatic mice. In addition, the activated caspase 
antibodies specifically recognized Ifae cleaved 
form of caspase- 1 and caspase-3 and not the 
procaspase ffig. 1, Q and S). 

In ligjit of the fact that caspase- 1 and 
caspase-3 are activated in spinal cord motor 



neurons of transgenic mSODI^*'^^ mice, we 
evaluated their functional contribution to the ■ 
progression of the disease by pharmacological- 
ly inhibiting them. iV-benzyloxycaibonyl-Val- 
Asp-fluoromethylketone (zVAD-fink) was se- 
lected as the agent to be evaluated because it is 
a broad caspase inhibitor that is well tolerated 
by mice in prolonged administration protocols, 
and it has a proven efficacy in other neurode- 
generative disease models (7^). We used os- 
motic pumps for delivery of zVAD-fink into 
the cerebral ventricle {24). Osmotic pumps 
were implanted into 60-day-old mice. At tiiis 
age there has been no significant neuronal loss, 
clinically representing the late presymptomatic 
stage of the disease. Pumps continuously deliv- 
ered tiie dmg for 56 days. The onset of motor 
and/or coordination deficits was defined as the 
first day that a mouse could not remain on the 
Rotarod for 7 min at a speed of 20 rpm (25). 
Mortality was scored as the age of death or the 
age when the mouse was unable to right itself 
within 30 s. The length of time before disease 
onset in transgenic mice treated with either 
vehicle or 300 jLg of zVAD-fink per 20 g of 
body wd^t for 28 days (300 p,^0 g body 
weight/28 days) was 103.5 ± 2.8 days and 
123.7 ± 6.8 days, respectively. zVAD-fmk 
delayed die disease-induced onset of Rotarod 
deficit by 20.2 ± 6.4 days. In addition, zVAD- 
fmk treatment prolonged survival from 126.1 ± 
3.0 days to 153.3 ± 8.8 days as compared with 
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Fig. 1. Caspase- 1 and caspase-3 expressions in spinal motor 
neurons were detected by immunofluorescence staining. 
Ventral hom sections at the lower thoracic level were 
stained with Hoechst 33342 (A, E, I, and M), NeuN (B, F, J, 
and N). antibody to caspase-1 (C and C) and antibody to 
caspase-3 (CM1) (K and O). Merged images [D from (B) and 
(C); H from (F) and (G); L from Q) and (K); and P from (N) 
and (O)] show caspase-1 and caspase-3 staining mostly in 
in<s m/i../^:^» k • NeuN-positivo but also in NeuN-ncgative cclls, demonstrst- 

wW-t^e ff/S ;.Tt.°'1^ «^P^^«-\°^ "/P«»-3 staining was detected in the dorsal horn or in spinal cord ;ectlons f«m 

wiw-type littermates [(C) and (K)]. The staining is representative of 70-, 90-, and no-day-otd wild-type and mSODl mice (n = 3 mice oer srouo^ 
Scale bar. 30 jtm. (Q through T) Western blot of lysates from 50- and 90-day-old mSOoh^ mice.fQ) Activated ^s^e-l antibody (pZO^^ u«d in 
usL7nTi^"J^®i^i-r'*Tm """^^'^ procaspase-1 (p45) and activated casplie-1; (S) actltaKspasta anSyTpU) 

pS^iT ® '''•^ P««caspase-3 (p32) and activated £^4.ase-3. Each lane was loaded wi h 50 
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vehicle-treated littermates, representing a life- 
span prolonged by 22% (Fig. 2, A through C). 
zVAD-fink-mediated neuroprotection was 
dose-dependent because mice treated with a 
lower dose (100 ^JLg/20 g body weight/28 days) 
survived 1 1% longer than vehicle-treated mice. 
However, this protection did not reach statisti- 
cal significance. Motor strength and coordina- 
tion, as evaluated by Rotarod performance, 
were significantly improved in zVAD-fink- 
treated mice (Fig. 2, D through F). 

A hallmark of ALS in humans, as well as in 
mSODl°'^^ transgenic mice, is a progressive 
loss of spinal motor neurons (2, 5, 6). To eval- 
uate the effect of zVAD-fmk on motor neuron 
loss, we compared the numbers of cervical and 
lumbar motor neurons in both zVAD-fmk- and 
vehicle-treated mSODl®*'^ mice at 1 10 days of 
age (26). At this stage, vehicle-treated mice are 
at the end stage of the disease. zVAI>-fiiik- 
treated mice had a significantly greater number 
of motor neurons at the cervical level as com- 
pared with vehicle-treated mice (Fig. 3A). At 
the lumbar level, zVAD-fmk-treated mice also 
had a greater number of motor neurons; howev- 
er, this did not reach statistical significance (Fig. 
3B). The greater protection from motor neiuon 
loss at the cervical level likely represents a 
zVAD-fmk concentration effect. Because 
zVAD-fink is delivered to the cerebral ventricle, 
the concentration reaching cervical motor neu- 
rons is higher than in the lumbar area, demon- 
strating a concentration-dependent effect of 



zVAD-fmk neuroprotection. Degeneration of 
phrenic nerve axons was also significantly in- 
hibited in zVAD-fiiik-treated mice (Fig. 3C). 
zVAD-fhik extends survival of mSODl mice by 
inhibiting motor neuron cell death. 

Given that caspase-1 is activated in the spi- 
nal cords of mSODl^'^^ mice, we evaluated 
whether zVAD-fink inhibits caspase-1 activity 
(22). Detection of mature interleukin 1-p (IL- 
Ip) has been used as a sensitive and specific 
marker of caspase-l activation (11-14, 27). Ma- 
ture IL-lp levels were 2.4-foId higher in spinal 
cord samples of 100-day-old mSODl^'^^ mice 
when compared with age-matched wild-type lit- 
termates, indicating caspase-l activation (2S). 
zVAD-fink treatment r^ted in a 37% reduc- 
tion of caspase-I activity in the spinal cords of 
mSODl*^^^^ mice (Fig. 3D). We next evaluated 
whether caspase-1 activation is also detected 
in the spinal cords of humans with ALS. We 
demonstrated an 8 1 .5% elevation of caspase-1 
activity in the spinal cord of humans with 
ALS when compared with normal controls 
(Fig. 3E). These results further validate this 
mouse as a relevant disease model. Because 
mature IL-ip plays a functional role in neu- 
ronal cell death, zVAD-fmk-mediated neuro- 
protection in mSODl mice is likely mediated 
in part by inhibiting activation of this cytokine 
(19,29,30), 

Because increased caspase-1 and caspase-3 
activity in transgenic mSODl^'^^ mice has 
been demonstrated, we investigated whether 



these caspases might also be regulated at the 
transcription level (20, 22). Using reverse tran- 
scriptase-polymerase chain reaction (RT-PCR), 
we quantified caspase-1 and caspase-3 mRNA 
expression in transgenic mSODl^^^"^ mice and 
evaluated the effect of caspase inhibition on 
their expression (SI). Beginning at 70 days of 
age, caspase-1 mRNA levels began to increase, 
peaking at 3. 2- fold above wild-type levels at 90 
days (Fig. 4, A and B). Caspase-3 mRNA ele- 
vation began at 90 days of age and peaked at 
110 days with levels 2.6-fold above those in the 
wild-type mice (Fig. 4, C and D). Caspase-1 and 
caspase-3 mRNA levels were significantly re- 
duced in zVAD-fmk-treated mice by 27 and 
34%, respectively, as compared with vehicle- 
treated mSODl littermates. 

zVAD-fmk is an enzymatic caspase inhibi- 
tor. However, decreased caspase mRNA expres- 
sion levels mediated by zVAD-fimk are consis- 
tent with a detrimental role of intracellular and 
extracellular diffusible factors resulting from 
caspase activation (19, 3G). Caspase inhibition 
decreases the production of diffusible factors 
such as mature IL-1 p and free radicals (11-14). 
In addition, blocking extracellular binding of 
endogenously produced IL-lp inhibits cell 
death, suggesting a proapoptotic role of extra- 
cellular caspase downstream mediators (19, 3Cf). 
Fuithennore, direct injection of IL-lp into the 
rat brain induces neuronal apoptosis (52). As in 
human neurodegeneration, cell loss in mSODl 
mice is not synchronized — ^it occurs over a pro- 



Fig. 2. Cumulative 
probability of onset of 
Rotarod ctef lots (A) and 
survival (B) In mSODI 
mice. Survival was sig- 
nificant^ prolonged 
and the onset of Ro- 
taiod deficit was signif- 
icantly delafyed in 
mSCX)! mice treated 
with zVAD-fink when 
compared with vehide- 
treated transgenic lit- 
tennates. Solid line, 
zVAD-fmk; dashed line, 
vehide. (C) Table of or>- 
set of motor deficit and 
mortality. Motor func- 
tion was tested with 
the Rotarod at 5(D). 15 
(E). and 20 rpm (F). 
Testing was terminated 
either when the mice 
fell from the rod or at 7 
min if the mouse re- 
nrained on the rod. 
Mice treated with 
zVAD-fmk performed 
significant^ better than 
vehide-treated mice 
(*P< 0.05; vehicle./) 
= 12 mice; zVAD- 
fmk, n = 7 mice). 
Square. zVAO-fmk; 
circle, vehicle. 
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longed period of time. Therefore, because 
neighboring cells are at different stages of the 
apoptotic pathway, diffusible factors produced 
by cells in which caspases are activated likely 
have a detrimental effect on neighboring cells, 



resulting in caspase up-regulation. Hence, 
caspase inhibition in one cell likely delays a 
neighboring cell from initiating the caspase cas- 
cade. Thus, unlike in CaenorhabiUs elegans, the 
caspase cascade in vertebrates is not cell-auton- 
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Fig. 3. zVAD-fmk treatment 
significantly inhibits the loss 
of spinal motor neurons and 
phrenic nerve myelinated ax- 
ons in mSODI mice. (A) Cer- 
vical spinal motor neuron 
counts (wild-type mice, n = 3; 
vehicle, n = 5; zVAD-fmk. n = 
5), (B) lumbar spinal motor 
neuron counts (wild-type 
mice, n = 3; vehicle, n = 5; 
zVAD-fmk, n = 6). and (C) 
phrenic nerve axonal counts 
(n = 6 mice per group) in 
110-day old mice. Mature IL-ip levels, indicating caspase-1 activation in (D) mSODI mice at 100 
days of age {n = 4 mice per group) and in (E) human spinal cord normal control and ALS patients 
(n ~ 4 humans per group). Mature IL-lp levels significantly increased in mSODl transgenic mice 
and in human ALS patients as compared with wild-type age-matched littermates and control spinal 
?*n zVAD-fmk treatment reduced caspase-1 activity in the spinal cords of mSODl mice 

(*P < 0.05. **/> < 0.01). Error bars indicate SEM. 



140 
120 
100 
80 
60 
40 

20 
0 




Wt Vehicle i^AO 



C<Mifrol AtS 



Caspase-1 H 

GADPH- 
C 

O 3 



Caspase-3 



GAOPH 




60 



70 



80 90 

Age (days) 



100 110 




?• V ^"^ caspase-3 mRNA levels were quantified in spinal cord specimens of mSODI 

mice. Ethidium bromide-stained gels of RT-PCR analysis of (A) caspase-1 and (B) caspase-3 mRNA 
run in parallel with those of GAPDH mRNA. (C) and (D) show time-dependent up-regulatlon of (C) 
caspase-1 and (D) caspase-3 mRNA expression in mSODl transgenic mice compared with 
fl rToni ^'^^-?yP« > 0 05, n = 6 mice per time pointj. Caspase leveU are normalized 

wf^*^^ «?Pr««'0" an<l tabulated as the caspase ratio of SOO^^^ to wild-type mice. Square, 
zVAD-fmk; circle, vehicle. Enror bars indicate SEM. ^ 



omous but rather is influenced in a paracrine 
feshion by the extracellular microenvironment 
(33). 

We demonstrate inhibition of disease pro- 
gression and extended survival in a transgenic 
mouse model of ALS by pharmacologic caspase 
inhibition, and we show that caspase-1 and 
caspase-3 are expressed in neurons in transgenic 
mSODl°^^^ mice. Furthemiore, we demon- 
strate that caspase-1 is activated in spinal cord 
samples torn humans affected by ALS. Consis- 
tent with in vitro evidence in nonneuronal cell 
lines, we demonstrate that caspase-1 mRNA is 
up-regulated before that of caspase-3, suggest- 
ing that caspase-1 mediates early disease pro- 
cesses and that caspase-3 may be involved in the 
terminal stage of the apoptotic pathway (34, 35). 
Interestingly, in vitro caspase-1 activates 
caspase-3 (36). In addition to an inflammatory 
role of caspase- 1, early caspase-1 neuronal ex- 
pression indicates its importance as an eariy 
mediator of the neuronal apoptotic cascade. Be- 
cause of the extensive similarities in the behav- 
ioral, histologic, and molecular mechanisms be- 
tween the mSODl^^A transgenic mouse and 
humans with ALS (familial and sporadic), these 
results provide therapeutic information relevant 
to the human disease. These results indicate that 
caspases play a role not only in the end stage of 
ALS but also in the presymptomatic progression 
of the disease, which suggests that therapy tar- 
geted at inhibiting caspase function should be- 
gin in the presymptomatic stage of ALS. 
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tocellular carcinoma (2). Very rarely, HCV 
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form of acute hepatitis. Although the infection 
resolves in 15% of cases, it becomes chronic in 
up to 85% of infected individuals (5). The clin- 
ical course of chronic hepatitis C is highly vari- 
able. In about 70% of the patients the disease is 
mild and stable over several decades, whereas in 
the remaining 30% it is more rapidly progres- 
sive. Prospective studies of hepatitis C have 
failed to identify any clinical, serologic, or viro- 
logic features that predict the outcome of the 
disease (4). 

The mechanisms responsible for the high 
rate of viral persistence and for the variable 
clinical course of hepatitis C are unknown, 
but are thought to represent a complex inter- 
play between viral diversity and host immu- 
nity (5). Although HCV infection induces 
strong cellular and humoral immune respons- 
es (5. 7), they are generally insufficient to 
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The mechanisms by which hepatitis C virus (HCV) Induces chronic infection in 
the vast majority of Infected individuals are unknown. Sequences within the 
HCV El and £2 envelope genes were analyzed during the acute phase of 
hepatitis C in 12 patients with different clinical outcomes. Acute resolving 
hepatitis was associated with relative evolutionary stasis of the heterogeneous 
viral population (quasispecies), whereas progressing hepatitis correlated with 
genetic evolution of HCV. Consistent with the hypothesis of selective pressure 
by the host immune system, the sequence changes occunred almost exclusively 
within the hypervarlable region 1 of the E2 gene and were temporally correlated 
with antibody seroconversloa These data Indicate that the evolutionary dy- 
namics of the HCV quasispecies during the acute phase of hepatitis C predict 
whether the Infection will resolve or become chronic. 
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